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This thesis explores the function of various desalination techniques, investigating the best 
suited for a small-scale portable seawater desalination unit that can be powered by solar 
energy. The renewable energy device investigated throughout this thesis is a thin film 
foldable solar panel, the performance of this panel has been tested practically and 
theoretically.  
The developed LabVIEW program runs fast calculations in order to find the desalination 
units permeate output, the salinity of the permeate and the number of solar panels required 
to power the unit for a specified location. This creates a user friendly, fast location 
analysis. The lowest performing location within Australia for this small scale portable 
solar powered unit is Hobart where the minimum permeate produced is 23.2 litres per day 
able to supply a maximum 11 people with their daily water requirements, based on the 
WHO minimum drinking water consumption per day of 2L [5]. 
Areas, where this system can apply, are disaster regions where a number of people have 
been cut off from their regular water supply, this system has the possibility to operate for 
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Chapter 1  Introduction 
The world we live in has rapid population growth, and with rapid population growth 
comes high water demands. The world contains around 1, 300 million km³ of water, with 
over 96% of this being held in the form of seawater [1]. There is a very small fraction of   
fresh water that is naturally occurring, with the majority of this held in the form of glaciers 
and permafrost. In 2014, the desalination technique known as Reverse Osmosis (RO) was 
the most utilised technology owning over 60% of the global installed capacity [2]. Of this 
installed capacity the most utilised feedwater source is seawater owning 59% [2].  
Installed capacity refers to large scale desalination plants. In 2015 RO also dominated the 
small-scale plants with over 90% of projects utilising this technology [3]. This is due to 
the low energy demands, reliability, efficiency and cost when compared to other 
desalination techniques.  
A simple open-looped seawater RO process involves a high-pressure pump that supplies 
a feedwater pressure of at least 800 psi to a semi-permeable membrane. The membrane 
has two outlets one for the permeate and the second for the brine. The brine stream 
contains the majority of the feedwater pressure and is released to atmosphere in systems 
where no Energy Recovery Device (ERD) is utilised. Thorough research and 
developments within the small-scale seawater RO units have led to substantial energy 
savings. The savings are accomplished with the use of energy recovery devices that utilise 
the energy contained within the brine stream transferring it back to the feedwater stream. 
By creating a closed loop system, the energy requirement of the high-pressure pump is 
considerably reduced to that of a medium pressure pump.  
2 
Remote Area Power Supplies (RAPS) are becoming more and more popular, with the 
global trend to veer away from fossil fuels and the increasing price of electricity from the 
grid. RAPS units are versatile, they can be a supply for any load in isolated regions where 
there is no grid access. RAPS units usually comprise of renewable energy sources 
including solar power and wind turbines [4].  
1.1 Thesis Statement 
With the aid of energy recovery devices, the low power demand of seawater RO systems 
can be met by a RAPS. The RAPS that is investigated throughout this thesis is a foldable 
solar panel to create a portable stand-alone seawater RO system. This system is designed 
for remote locations that require the water source to be desalinated. 
Areas where this system can apply are disaster regions where a number of people have 
been cut off from their normal water supply. Disasters occur without notice. However, 
with the aid of a LabVIEW program, quick analysis of the expected output of this 
desalination unit can enable a fast reaction. Flying or driving this unit into the required 
area can start supplying people with their daily water requirements.   
1.2 Objectives 
The objectives of this project are to develop a user-friendly program that calculates the 
permeate production, salinity levels of the permeate and the number of solar panels 
required to run the unit. This is obtained by developing these key elements: 
• Investigate desalination processes and energy saving practices. 
• Estimate the theoretical output of an RO unit. 
• Compare practical and theoretical outputs of a PV panel. 
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Chapter 2 Background 
2.1 Desalination Background 
The world contains an estimated 1,386 million km³ of water in a variety of sources [1]. 
Analysis of the world’s water resources can be seen in Figure 1, with the majority of 
water contained in seawater. Due to the mineral content of seawater, a process is required 
to treat and separate the minerals from the water body to create potable water.  The 
method of desalination is widely used, with over 18 thousand desalination plants 
worldwide supplying more than 300 million people with their daily water requirements 
[2]. 
 
Figure 1. Worlds water resources [1] 
4 
In 2014, the total global installed capacity of the desalination units was 80.9 million 
m³/day [2], supplying water to a variety of users including municipal, industry, power 
stations and irrigation to name a few.  The breakdown of the installed capacity by 
desalination technology and feed water source can be seen in Figure 2 and Figure 3 
respectively. The leading desalination technology is Reverse Osmosis (RO), and the 
primary source of feed water is seawater [2]. 
 
Figure 2. Installed capacity by desalination technology [2] 
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2.2 Feed water Resources 
There are five main feed water sources shown in Figure 3 above seawater, brackish water, 
river water, wastewater and pure water.     Each of these sources contains a different range 
of salinity. Salinity is described by the Total Dissolved Salts (TDS) within a certain 
amount of water, this is expressed as grams per kilogram. The salinity ranges of different 
bodies of water are shown in Table 1. The TDS of the feed water influences the technique 
and process demand required to desalinate the water source. 
Brackish water can be a mix of freshwater and seawater, containing a lower salinity level 
than seawater, as well as a different chemical composition which is dependent upon the 
location of the water source. Things that affect the water quality can be both natural and 
anthropogenic. An example of a natural effect is the process of dissolving minerals from 
the crust material of the earth, while an anthropogenic influence can be from pesticide 
runoff from nearby crops. Each brackish water source varies and needs salinity, pH and 
other chemical levels are tested to ensure nothing poisonous resides in the waterway 
[4][5].  
Wastewater is water that has been negatively impacted by humans, resulting from 
domestic, industrial, commercial or agricultural activities. Wastewater composition 
varies widely. To utilise wastewater through desalination for a source of potable water 
many treatments are required. These depend on the type of wastewater to ensure the 
processed water is free from bacteria and viruses. 
6 
Globally seawater composition varies depending on the location of the body of water. 
Surface salinity has a range of 28 to 40 TDS. The higher concentration levels are 
contained in enclosed seas, like the Mediterranean and Red Sea [6]. An average 
concentration of the primary ions contained in seawater is 35 TDS. A list of the major 
ions and their concentrations can be seen in Table 2. The ratios of these primary ions stay 






Brine [3] [4] >45 
Seawater [3] 28-45 
Brackish water [4] 1 -28 
River [3] 1-5 
Fresh water [3] < 1 
Drinking Water [5] < 0.9 
Table 1. Water source salinity ranges 
 
 
Average concentrations of major ions in 
seawater 
 
Ion Atomic Symbol weight g 
Chloride  Cl¯ 18.98 
Sulphate SO₄²¯ 2.649 
Bicarbonate HCO₃¯ 0.14 
Bromide Br¯ 0.065 
Borate H₂BO₃¯ 0.026 
Fluoride F¯ 0.001 
Sodium Na⁺ 10.556 
Magnesium Mg²⁺ 1.272 
Calcium Ca²⁺ 0.4 
Potassium K⁺ 0.38 
Strontium Sr²⁺ 0.013 
Overall total Salinity TDS ( &
'&
) 34.482 
Table 2. Major ions in seawater 
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2.3 Drinking Water quality  
Drinking water requires a minimum TDS of 0.25( !
"!
) [5], recommended for the taste. 
Australian drinking water standards claim that a TDS of 0.5( !
"!
) is acceptable [6].   Table 
3, shows the TDS to palatability rating for a variety of water. Results <0.3( !
"!
) TDS 
having a fine line of becoming insipid [5]. Drinking water quality must be upheld to avoid 
health concerns due to poor drinking water [8]. To prevent diseases, the mineral content 
of the drinking water produced must be tested, highlighting the importance of 
pretreatment and post-treatment of water. 
 







< 0.3 Excellent 
0.3-0.6 Good 




2.4 Desalination techniques 
Desalination is the process of removing minerals from a substance, creating the ability to 
process seawater into potable water. The two principle desalination methods are thermal 
and membrane technologies, and each comprises a range of different techniques. 
Membrane technologies involve a semipermeable membrane that minimises the passage 
of specific ions [8], and thermal technologies involve evaporation of feedwater and the 




2.4.1 Distillation/Thermal Technologies 
The thermal technologies involve heat treatment of feedwater. As the water evaporates it 
leaves the salt behind. Catching the vapour and collecting the pool of product water 
supplies potable water [9]. This simple system is the basis of the hydrological cycle.  
The hydrologic cycle is a natural occurring desalination process. The earth’s surface water 
is heated, causing surface water to evaporate and rise into the atmosphere, where it cools 
and condenses, returning to the surface as precipitation [9] (Figure 4). The primary source 
of water for this cycle comes from the oceans.  
 
 
Figure 4. Simplified hydrologic cycle 
Condensation
Evaporation Precipitation
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Thermal desalination techniques include [10]: 
• Solar distillation 
• Multistage flash (MSF) 
• Multiple effect evaporation (MEE) 
• Thermal vapor compression (TVC) 
• Mechanical vapor compression (MVC) 
2.4.1.1 Solar Distillation 
Solar distillation is a heating system which utilises a pond of water with a slanted 
enclosure. As the sun heats the water, it vaporises and condenses on the ceiling of the 
enclosure. With the force of gravity, the condensation pools at the edges of the enclosure 
for collection. This style of distillation requires the latent heat of evaporation, which is 
roughly 627kWh/m³, producing approximately 2-6.7 kg/day of drinkable water a day 
[11]. 
2.4.1.2 Multistage flash 
Multistage flash (MSF) desalination is an energy intensive process which includes both 
electrical and thermal energy. The process involves numerous joined chambers (up to 40) 
[12]. 
 The saltwater feed travels through pipes into the top of the chambers where the cold-
water flow makes the steam from the lower chamber condense into pools of fresh water. 
Each of the chambers has a lower pressure than the previous chamber, which causes the 
boiling point of the feedwater to also lower. When the feedwater enters a chamber with 
lower pressure, the water instantly boils causing a portion of the water to vaporise, 'flash', 
into steam. The flashed vapour then passes through demister pads to remove entrained 
brine droplets and then is condensed into pure distilled water [12].  
10 
MSF units have a life expectancy of 20-30 years [7]. This process is the second most 
utilised desalination process globally with 22% of installed desalination using this process 
[2]. This system requires external heating to obtain feed water temperatures of 90-100 ⁰C.  
2.4.1.3 Multiple effect evaporation 
Multiple effect evaporation (MEE) is the third most commonly installed process holding 
8% of the installed capacity globally in 2014 [2]. This process involves numerous 
chambers that contain heat exchanging pipes of steam that are sprayed with feedwater 
causing the steam in the pipes to cool and the sprayed seawater to vaporise. The vaporised 
seawater feed is then extracted and fed into a thermo-compressor which is fed through 
heat exchange pipes. As the cold seawater is sprayed onto the heat exchanger piping, the 
steam inside the pipeline condenses and is collected as the freshwater stream [12]. 
Mechanical Vapour Compression system (MVC) is the same process as MEE with the 
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2.4.2 Membrane 
Membrane technology involves a semipermeable membrane that, with enough applied 
pressure to overcome the osmotic pressure, will allow feedwater to separate, producing 
brine (salty discharge) and freshwater (potable) (Figure 5). There are a range of 
membrane technologies available. The larger the pore size, the more particulates can cross 
the membrane barrier, as the pore size reduces the more particulates get rejected.  The 
smallest pore size is the reverse osmosis semi-permeable membrane ,which rejects such 
things as sand, pollen, viruses, ions and chlorine [12]. Some of the larger pore size 
membrane filtrations are called macro particle filtration, micro, ultra and nano-filtration.  
 










2.4.2.1 Reverse Osmosis  
Osmosis is the naturally occurring process where a semipermeable membrane has water 
of different TDS on each side. The more concentrated side (e.g. saltwater), draws the pure 
water across the membrane until the chemical potential of each side has reached 
equilibrium. Reverse osmosis (RO) is where a pressure higher than the osmotic pressure 
is applied to the concentrated side, forcing fresh water to cross the membrane [13]. The 
applied pressure required is dependent on the level of TDS in the feed water stream, 
temperature and feed chemical composition [12]. For the average seawater with a salinity 
level of 35 TDS, an applied pressure of roughly 600 psi is required to overcome the 
friction of the process, the salt diffusion rate through the membrane, and the natural 
osmotic pressure [10].  
2.4.2.2 Electro-dialysis  
Electro-dialysis (ED) is a process where ion exchange membranes are used with 
electrodes to move ions across the membrane, leaving one side as potable water and the 
other as a concentrated brine. This process requires multiple layers (stacks) of 
membranes, as every second segment contains brine [10]. This process is suited for 
desalination of brackish water [10]. 
2.5 Small scale desalination 





. Some of the advantages of small scale desalination units are [3]; 
1. Capital construction costs are lower (but higher per kWh) 
2. Reduced energy costs with versatile placement of the unit, reducing distance and 
water head from the source water to a minimum  
3. De-centralised water supply provides a flexibility in the range of applications 
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It is important to note that small-scale systems have a shorter lifespan of 10 years when 
compared to large-scale 30 years. Table 4 depicts the small-scale projects and their energy 
efficiency from 2011-2015 out of 302 small scale projects recorded. Reverse osmosis is 
the primary process used, holding 95% of the projects. Followed with nano-filtration and 
membrane distillation owning 1.4%, ED and MSF held 0.3% of the market followed by 
“other processes” at 2.6%. RO is the dominant process utilised in small-scale systems due 
primarily to the fact that the technology is increasingly more efficient, more reliable and 
more cost competitive [3]. 
Table 4. Small scale desalination units 2011-2015[17] 
















2.6 Energy to production comparison between 
technologies 
An overall energy comparison of the major technologies for desalination is shown in 
Table 5.  Brackish water RO (BWRO) is the lowest energy consumer per m³ utilising only 
1-2.5 kWh, while seawater RO (SWRO) with an average of 35 TDS consumes 4.5-8.5 
kWh. The RO process is the smallest in size and utilises the lowest amount of energy.  
Table 5. Energy comparison of desalination technologies [14][15] 
* BWRO- brackish water reverse osmosis 
**SWRO-Salt water reverse osmosis 
















MSF 8-12 3.25-4.2  6.75-9.75 10.5-13 
MEE 8-12 2.5-2.9 4.5-6.5 7.4-9 
MVC - 9.5-17  - 9.5-17 
BWRO* -  1-2.5  - 1-2.5 
SWRO** - 4.5-8.5  - 4.5-8.5 
 
Thermal processes require a significant amount of electrical and thermal energy, as seen 
in Table 5. They are often coupled with other industrial systems that produce waste heat 
energy to reduce the energy requirements. Some of the industries include fossil-fuel 
boilers, power plants, nuclear reactors and renewable sources [10].  
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Membrane processes are heavily dependent on the feed water characteristics, including 
salt concentration, composition and temperature [15]. RO is unique such that with an 
increase in the number of membranes the primary energy consumption doesn’t 
significantly change (slight drop in pressure across each membrane). MSF and MEE 
processes require a larger amount of energy with only one stage processes. MSF reaches 
the low consumption range of RO with over 40 chambers making the technology 
inappropriate for small scale units [8]. 
2.7 Renewable Energy Powered Desalination 
As the world moves into a more energy conscious era, it is important to realise how much 
energy is required to produce desalinated potable water, as shown in Table 5.  The 
majority of the large-scale desalination plants are powered from fossil fuels, creating a 
significant base demand on any grid.  Some possible desalination-renewable energy 
combinations are displayed in Figure 6.  
As RO has proven to be the most reliable and energy efficient process from section 2.3 
of this report, the possible combinations are solar PV, thermal and wind energy. For a 
small-scale portable process, there is a size restriction for the energy source. Solar thermal 
and wind both contain large components not easily transportable, whereas PV is available 
in a thin film which is lightweight and foldable. As solar energy is intermittent, it is 
essential to investigate the viability of battery storage of the portable unit. 
16 
 
Figure 6. Renewable desalination combinations [16] 
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Chapter 3 Technology Background 
3.1 Seawater RO background 
Briefly described in Section 2.4.2.1, reverse osmosis is the process of overcoming and 
reversing the naturally occurring osmotic process. Surface seawater has a salinity ranging 
from 28 TDS to 45 TDS depending upon location. Salinity readings are lower around the 
poles of the earth as there is an abundance of fresh water icecaps diluting the seawater 
surrounding them. Higher levels of salinity are shown in areas like the Red Sea, with 
restricted ocean circulation and higher evaporations rates. The surface seawater 
surrounding Australia has an average of 35 TDS. A breakdown of the major ions 
contained within seawater can be found in Appendix A.1. Utilising Van’t Hoffs equation 
(1) with a water temperature of 25ºC, the osmotic pressure can be found at roughly 27.99 
bar (405.96 psi).  
                                               456+ = 8(9 + 273)Ʃ(?@)  (1) [17] 






9 − 9J?WJINEKIJ	 X
V  





Seawater RO units require a feedwater pressure ranging from 800 to 1200 psi to operate 
at the ideal pressure for the process. The high pressures are required to overcome the 
natural occurring osmotic pressure (405.96 psi), and the friction of the process. 
Research shows the relationship between permeate production and salt diffusion as the 
following;  
Permeate production [17]; 
• Increases with feed water temperature and pressure  
18 
• Decreases with higher feed water salinity 
Salt diffusion across the membrane [17]; 
• Increases with water temperature and higher feed water salinity 
An increase in pressure creates a higher purity of permeate as the water diffusion rate will 
rise until a water solubility limit has been met, this is known as thermodynamic restriction 
[18]. Other restrictions include the pressure limitations of the membrane material and 
membrane housing.  However, they are normally designed to handle a set range of 
pressure including the ideal pressure for the type of feedwater.  
The relationship incorporated throughout this thesis is the temperature effect on permeate 
flow rate and salinity content.  
3.1.1 RO system components 
RO systems contain numerous components. The complete RO system incorporated within 
this thesis includes pre-filters, membrane, motor and pump, and an energy recovery 
device (ERD). The following is a brief background into these components.  
3.1.1.1 Pre-filters 
The RO membrane is made of a delicate material. The pre-filters are utilised to remove 
larger particles suspended within the feedwater prior to it reaching the membrane. Any 
damage to the membrane will cause the permeate to become contaminated with raw feed 
water.  Seawater intakes typically includes a large pore sized strainer, this is to help 
prevent large sediment from entering the pump system. This is followed by a smaller 
mesh screen, then a 5-micron sediment filter [10].  
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3.1.1.2 Membranes 
Membrane technology has rapidly evolved with the increasing dependency on RO to 
provide municipality's their fresh water supply. Membranes are made of a semi-
permeable material which allows water to diffuse across this barrier. The two main types 
of membranes are described below.  
3.1.1.2.1 Hollow Fibre Membrane 
Hollow Fibre Membranes (HFM) are one of the oldest styles of membranes. HFM consist 
of long hollow fibres that are semi-permeable and are contained within a high-pressure 
vessel, this is known as a permeator. Each of these fibres allow water to cross into their 
hollow middle leaving a concentrate behind. HFM have a high permeate production rate 
& small pressure drop [19]. Unfortunately, due to the design of HFMs they are more 
prone to scaling and fouling due to the lack of uniform flow across each of the fibres 
making them hard to clean resulting in restricted permeate flow [19].  
3.1.1.2.2 Spiral Wound Membrane 
Spiral Wound Membranes consist of large flat semipermeable membranes, these are 
separated by feed spacers and permeate carrier spacers. Three edges of the membranes 
surrounding the permeate carrier spacer are joined together, creating an envelope. On 
either side of the envelope there are feed water spacers, these feedwater spacers allow for 
a uniform flow. The open side of the envelope is joined to and rolled around a perforated 
tube which collects the permeate. The membrane is housed in a pressure vessel which has 
one input and two output streams. The input stream carries the feedwater supply, there 
are two output streams, the first is the permeate stream and the other is the concentrate 
(brine) stream. Spiral wound membranes also face scaling and fouling issues though they 
are easier to handle, because the feed spacers creating a uniform flow covering the entire 
membrane allowing for cleaning with anti-scaling agents [3].  
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3.1.1.3 Temperature effect 
Ideally, feedwater temperature should be around 25°C, this temperature has been proven 
to be ideal for solute rejection and permeate flow. As feedwater temperature increases, 
salt diffusion and permeate flow increase resulting in a permeate output containing lower 
levels of salinity. As the water temperature decreases the permeate flow reduces and the 
salt diffusion also decreases, but at a slower rate to the permeate creating a higher salinity 
permeate stream [20].  
3.1.1.4 Recovery devices 
Seawater RO units require the high-pressure feedwater for the unit to work in the 
optimum range. A simple RO process is an open-looped system which has one input and 
two outputs. The input has a high pressure that is forced across the membrane face, there 
is a very small pressure drop across membranes. The permeate output has low pressure 
with majority of the feed pressure retained in the brine stream that is released to 
atmosphere.   
To minimise the energy required to run this unit, an energy recovery device (ERD) can 
be utilised to transfer the waste energy from the brine stream back into the feedwater 
stream, creating a closed loop system that reduces the pressure demand of the feedwater 
pump. For a small scale solar powered RO unit, it is important to make the unit as energy 
efficient as possible. There are many different types of ERD available, some of the 
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3.1.1.4.1 Centrifugal Devices 
There are numerous devices that incorporate centrifugal force to recover waste energy 
from the brine stream. Examples of these include the Pelton impulse turbine and hydraulic 
turbo-charges. Turbine designed systems like the Pelton impulse turbine can be directly 
coupled via a shaft to the feedwater motor. This type of energy recovery device has a max 
efficiency of 80% [8]. Hydraulic turbo-charges are similar to the Pelton impulse turbine 
they incorporate two turbines coupled together, one that utilise the brine stream to 
pressurise the feedwater. This style energy recovery device has a maximum efficiency of 
65% [8].  
3.1.1.4.2 Positive Displacement Devices 
Positive displacement energy recovery devices utilise a piston configuration, once one 
side of piston is filled by the feedwater the high-pressure feed from the brine stream 
pushes the piston transferring the majority of its pressure to the feedwater stream.  
There are different configurations of this type of ERD. These include dual work 
exchanger and PX pressure exchanger. Both include a central rotating unit, this type of 
ERD has efficiencies up to 97% [11]. There are also hydraulic intensifiers unlike the dual 
work and PX pressure exchangers they do not include a rotation unit, but instead 
incorporate a two-piston system to intensify the feed stream and obtaining efficiencies up 
to 98% [8]. 
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The hydraulic intensifier used within this project is created and patented by Spectra 
Watermakers and is known as a Clark Pump.  The Clark Pump reduces energy 
consumption by 75%, requiring a medium pressure pump that supplies a pressure of 80 
PSI for the system to be able to generate the required 800 psi with an output ratio of 10:1 
[21]. Clark Pumps are available in a small compact size suitable for small-scale RO units. 
Studies of the Clark Pump prove the high efficiencies produced over a range of flow rates 
and pressure [11],. These results can be seen in the Figure 7 below. 
 
Figure 7. Clark Pump Energy Exchange Efficiency [24] 
The test numbers shown in Figure 7 have specific pump pressures for each of the different 
flow rates. Test numbers 1, 4 and 7 have a pressure feed of 116 psi, 2, 5 and 8 have a 
pressure feed of 87 psi and 3, 6 and 9 have a pressure feed of 58 psi. As the flow rate 
increases the efficiency of the Clark Pump starts to drop. The highest efficiencies can be 
seen with a feed flow rate of 153 L/h with all feed input pressures all holding efficiencies 
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3.2 Solar Panels 
Solar panels are a great source of widely available renewable energy making them a 
fitting form of remote area power supply (RAPS). This is due to the ease of installation 
and modularity and they do not require grid connection. The most common type of solar 
panels are made up of silicon which can be utilised in the following forms; crystalline, 
multi-crystalline, polycrystalline, microcrystalline or amorphous [22].  
3.2.1 Efficiency Factors 
The output of a solar panel is impacted by many factors explored below. 
3.2.1.1 Irradiance  
The first is irradiance, which is a measure of radiant energy from the sun per unit area 
(kW/m²). This is an intermittent energy source. The irradiance seen by the solar panel can 
be shaded by numerous sources including cloud cover, nearby infrastructure and dust or 
dirt covering the panel face, just to name a few [23]. 
Irradiance availability is highly dependent upon location latitude, the closer to the equator 
the more radiant energy is available. This is due to the earth’s rotation around the sun. 
North or south from the equator the available radiant energy reduces and starts to form a 
yearly pattern that resembles a sine wave. If your location is north of the equator the peak 
will be during June-July, whereas in the southern hemisphere the peak will be over 
December-January. The output of solar panels is estimated based on the area’s available 
irradiance.   Another measure is known as sun shine hours (SSH). This is the irradiance 




3.2.1.2 Temperature Effect 
Solar panels are semiconductor devices, as with all semiconductor devices as the 
temperature increases, the bandgap decreases, and the energy produced by the panel is 
reduced. As the ambient air temperature surrounding the solar panel increases above 
25°C, the panels open circuit voltage (Voc) begins to drop where the short circuit current 
(Isc) experiences minimal effect, this causes the maximum power of the panel to reduce. 
To help combat the effects of temperature, the solar panel should be mounted in a way 
that enables a good airflow around the panel. 
3.2.1.3 Solar Panel Position 
There are two main mounting techniques utilised for solar panels, solar tracking and fixed 
solar panels. For either of these techniques the panel must be facing the sun.  
Fixed solar panels are fitted to a mounting surface that is close to the angle of latitude of 
the location, this is on average the highest power-producing angle for this type of 
installation. Fixed panels have an output curve that peaks in the middle of the day when 
the sun is directly perpendicular to the panel.  
For a solar panel to produce the maximum power available for a set location, the panel 
must be facing the sun at a perpendicular angle throughout the entire day, this is known 
as solar tracking. The solar tracking output curve from the panels peaks earlier then the 
fixed panels (sunrise) and drops down after the fixed panels. This technique produces 30-
40% more energy when compared to fixed panels, but incurs higher maintenance due to 
the moving feature and requires more components [23].   
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Portable solar panels have the ability to be set up to the optimal angle for the day. For 
example, during December/January the optimal angle in Perth to mount a solar panel is 
0⁰ and changes through to a peak of 60⁰ during winter when the sun’s path is further north 
of the equator. For a fixed panel in Perth it should be mounted at roughly 30-32⁰ for the 
highest average yearly output. When comparing fixed panels to the portable panels, an 
increase in performance by up to 20% can be achieved.   
3.2.2 Batteries 
The intermittency issues that come with having a solar powered device can cause damage 
to the system it is supplying to. By integrating a battery bank into a RAPS unit, it helps 
the system function during these intermittency issues for a set amount of time. Batteries 
that are coupled with PV systems are generally deep cycle batteries as they are designed 
to withstand depth of discharge up to 80% for numerous cycles.   
Battery sizing depends on the system it is powering. For a portable desalination unit, it is 
important to obtain enough backup power to continue to run the system into a safe mode 
to shut it down. It is important to prevent the seawater feed becoming stagnant against the 
membrane face as this will cause fouling and is detrimental to the RO system [10]. When 
shutting down a RO system, a 30min flush of fresh water and periodically a chemical 
rinse is used to keep the system healthy [24]. The battery storage is required to allow this 
to occur at the end of each day. It is also important to cover small intermittent periods 
throughout the day to aid with cloud cover effects.  
3.3 Simulation Technology 
Using programs to simulate processes is a common occurrence. It allows the users to get 
a realistic idea of the system behaviours. Simulations save money and time compared to 
practical testing and component change out.  
26 
3.3.1 RO Modelling 
There are numerous RO simulations available that allow the user to specify details of the 
RO unit they wish to create. RO desalination processes have been mathematically 
modelled by numerous research and industrial establishments [22]. Examples of Design 
software include WAVE (Water Application Value Engine) and ROSA (Reverse Osmosis 
System Analysis). Both programs are created by DOW Water and Process Solutions. 
They are designed to incorporate only DOW products, which is a limiting factor.  
These programs require user inputs of feed water quality, pressure losses (valves and 
pipefittings), membrane characteristics (water type its designed for and fouling 
resistance) just to name a few [25]. These programs offer a high level of analysis of the 
process itself and are most often used in large RO plants where there are numerous 
membranes and elements. These programs do not look at the energy requirements of the 
process.  
There is a niche in the market for modelling of the complete system from power 
production to permeate output. LabVIEW is a software package that allows complex 
modelling of systems and simulations. It is a visual based programming language.  
The small-scale RO unit contains a single membrane for portability, it also contains the 
Clark Pump ERD which substantially lowers the feedwater motor and pump size required. 
The solar power system contains thin film solar panels that are fed through a Maximum 
Power Point Tracker to a battery bank. The solar power system is connected to the RO 
system.  
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Chapter 4 System Design and Analysis 
The permeate output of the small-scale RO system depends on the energy the unit has to 
run on. Accurate analysis of the solar panel’s performance is important for predicting 
permeate production. To evaluate the performance of the solar panels it is viable to test 
the output from a practical arrangement and compare to a theoretical estimation method. 
The results from this testing can then be extrapolated into the LabVIEW program for 
various locations. Unfortunately, due to project funding it is only viable to practically test 
the solar panel, as the RO system has a primary cost of $14, 131, see Appendix A.5. This 
system is modelled for various coastal regions around Australia to provide a national 
perspective of the system performance. These methods are discussed in greater detail in 
the following subsections. 
4.1 Location 
As the system being modelled is a seawater RO unit it is vital to estimate the system 
performance for different coastal regions. Australia is a vast country with coastlines 
spanning over 36,000 kms [26] and latitudes ranging from Hobart at -42° South to Darwin 
at -12° South. Each location has different weather patterns that also effect the RO system 
performance. A list of the chosen locations is shown in Table 6. 
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Table 6. Location latitude 
 
 
4.2 System Design 
Figure 8 shows the entire system. The energy produced by the solar panel is fed through 
a Maximum Power Point Tracker (MPPT) and is stored in the battery. The positive 
displacement pump is controlled by a DC motor which is fed from the battery, this pump 
supplies a pressure of 80 psi to the Clark Pump, which increases the pressure to around 
800 psi that is fed into the RO membrane. The high-pressure brine is driven through the 
Clark Pump causing the feed water pressure to be increased to the higher pressure. 
The system will incur a high start-up demand, as initially there will be no brine pressure 
to operate the ERD. This start-up requirement of 800 psi imposes high demands that the 
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Figure 8. System Design 
 
4.3 PV Analysis 
As mentioned previously, there was enough funding to analyse the performance of the 
solar panel both theoretically and practically. The methods involved are described below.  
4.3.1 Theoretical  
The theoretical analysis is calculated utilising the irradiance and temperature data for each 
location, this is available from the NASA meteorological website [27]. This data set is 
based on a running 22-year average for each chosen location. The optimum angle of 
inclination for the solar panel, shown in Table 7, varies with the geographical location, 
and the time of year.  The irradiance data adopted for this analysis is selected based on 
this optimum angle.  Given that this system is designed to be portable, it has been assumed 












Table 7. Location Optimal Angle of inclination 
 
Using the optimal angle for each month, the monthly irradiance can be found, this is 
shown in Table 8 below. It can be seen that the overall yearly irradiance is highest in 
Broome and Darwin with the lowest in Hobart, this is due to the physical location away 
from the equator. 
Table 8. Location based monthly radiation 
 
The theoretical method utilised is known as the Clean Energy Council method for 
systems under 1kW. The Clean Energy Council is a non-for-profit Australian 
association committed to improving Australia’s energy system. They have developed 
methods of estimating solar power generation by including the system energy losses. 
The losses taken into consideration for the system, as outlined in Figure 8, include the 
MPPT, cable losses, dirt effect, de-rating factor for manufacturing tolerances and 
temperature de-rating factor.  
This method calculates the ideal energy yield and the actual energy yield to provide a 
performance ratio of expected output. The solar panel and MPPT used within the 
theoretical calculations are the same components utilised in the practical component.  
Location Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Fremantle 8.43 7.67 6.56 5.55 4.41 4.07 4.15 4.69 5.68 6.63 7.71 8.44
Darwin 5.59 5.21 5.94 6.44 7.06 7.24 7.31 7.22 7.07 7.07 6.87 5.95
Adelaide 6.82 6.32 5.43 4.87 4.17 3.93 4.16 4.41 5.01 5.58 6.32 6.68
Hobart 5.85 5.43 4.54 3.61 3.17 3.06 3.15 3.58 4.17 4.94 5.61 6.02
Broome 6.5 5.94 6.23 6.48 6.61 6.45 6.89 7.03 7.09 7.37 7.56 7.09
Sydney 6.27 5.58 5.12 4.59 4.12 4.12 4.22 4.62 5.27 5.71 6.08 6.53
Gladstone 6.83 6.06 5.95 5.38 5.1 5.32 5.54 6.06 6.4 6.43 6.88 6.97
St Kilda 6.33 6 5.09 4.32 3.59 3.26 3.41 3.77 4.27 5.01 5.72 6.18
Cairns 5.82 5.18 5.14 5.22 5.26 5.56 5.7 5.83 6.24 6.6 6.54 6.37
Monthly Averaged Radiation Incident On An Equator-Pointed Tilted Surface (kWh/m²/day)
Thesis – Analysis of a small-scale desalination unit powered by renewable energy 
P a g e  31  
 
 
4.3.2 System Analysis 
The practical analysis of the PV system involves monitoring a solar panel, MPPT, battery 
bank and load. To simulate a load a rheostat is connected to the battery bank, this is to 
ensure the battery bank is not left fully charged and the MPPT does not stop the panel 
from operating at the maximum output, this setup can be seen in Figure 9.  
 
Figure 9. PV System Schematic 
To be able to monitor the output of the panel, a data acquisition unit, known as a 
DataTaker, is built into the unit. It involves a voltage divider circuit and two current 
shunts this is to lower the voltage readings to an appropriate level, so as to not damage to 
the DataTaker. The circuitry is placed between the PV panel and the MPPT shown in 
Figure 10 below. The second current shunt is installed on the ground wire from the load. 
The DataTaker also has two weather sensors, one pyrometer and a thermocouple. The 
component specifications are shown in Appendix 0.  
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Figure 10. DataTaker Connections 
The chosen solar panel is a lightweight foldable panel rated at 100W, due the ease of 
transportation. To test the output of this module the use of a PROVA PV Analyzer is 
required, this test was conducted on the 5th December 2017 at Murdoch University at 
11:50am and a measured irradiance of 1150W/m². The IV curve of the solar panel is 
shown in Figure 11. A breakdown of this graph is shown in Table 9 with a maximum 
power of 109.6W.  
 
Figure 11. PV module output 



































5/12/2017 11:50am at Murdoch, WA
Power Curve VI Curve
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Once the panel is tested, it is mounted onto a wooden stand at a 30° incline. This is the 
optimal yearly average angle for Perth (placed on the Engineering building Murdoch 
South St). The original DataTaker utilised was a DT50 which involved a removeable PC 
card SRAM memory card. The unit that was initially installed had unrepairable 
inaccuracies and was replaced by a newer unit DT80, which has a larger internal memory 
and more communication ports.  
The DT80 has the primary four ports wired. Each of the ports is shown in Figure 12. The 
DT80 is mounted on the back of the frame in a weather proof container. There is an added 
fifth port to monitor the current drawn by the load. 
 
Figure 12. DataTaker Channels 
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The connections include the solar panels output voltage and current, ambient temperature 
and irradiance measurement from the pyrometer which is stationed at the same angle as 
the panel. The DataTaker has been programmed to log data every 10 minutes, which is 
the average result from a 10second sample rate, recording the min and max of each of the 
inputs. Programming of each of the inputs involved testing of the components in a 
controlled environment ensuring the computations are correct. The DT80 program can be 
found in Appendix A.4.  
   Figure 13 shows the weather proof containers which enclose the electrical components. 
In the green compartment the DataTaker is mounted. It has a hard wire connection to 
mains power, the connection is contained within the compartment below the DataTaker. 
In the open compartment on the right is the MPPT and the current shunt. The container 
below the MPPT is the voltage divider circuit. The battery bank and load (rheostat) are 
contained on the platform beneath the panel shown in Figure 14. The load also 
incorporates a current shunt to provide the ability to see the current draw from the 
batteries. The list of components utilised within this experiment are listed below.  
• Datataker DT80 
• Kipp & Zonen SP Lite 2 pyrometer 
• Current Shunt (1-5A 50mV) 
• Voltage Divider circuit (10kΩ and 1KΩ resistors)  
• Thermocouple type TT 
• Extension lead 
• Mounting Frame 
• PV monocrystalline foldable panels 
• PROVA 210 Solar Module Analyzer 
• 2x 12Ah Batteries in series replaced with 36Ah 12V battery 
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• MPPT CPY-2410 
• Rheostat rated at 5A drawing 1.5A 
The timber frame has an open backing to allow airflow behind the panel to prevent 
overheating. The output across the voltage divider circuit, the pyrometer and the current 
shunt are all tested under controlled environment to verify the gain ratio.  
The voltage equation is      
]^_`abcd
eVVV
∗ 11.342091 = iDQENjJ    (2) 
The current equation is   
]^_`abcd
eV.Vkl
= XKIIJLE               (3) 
The irradiance equation is         
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The DataTaker has inputs designed for thermocouples, verified by a box selection within 
the program as to the type of thermocouple used. In this experiment a type T 
thermocouple is installed.  
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   Figure 13. PV Component Installation 
 
Figure 14. PV Mount 
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4.4 RO Analysis 
The RO system is shown in Figure 15 below. This system is based on a small scale 
portable seawater desalination unit. 
 
Figure 15. RO Process 
 
The RO system incorporates a Clark Pump ERD which feeds into a 20”x2.5” high 
injection spiral wound polyamide membrane (Filtec SW30-2521). The membrane is rated 
to 99.4% salt rejection rate at 25°C, with a maximum operating pressure of 1000 psi, and 
an applied pressure of 800 psi. The system contains a 5 micron prefilter that collects large 
suspended particles in the feed water, and a DC motor which powers a medium-pressure 
positive displacement diaphragm pump (80-90 psi). The pump modelled is the Surflo 
8005 Series 12VDC which supplies 80 psi at a flowrate of 384 L/h. The membrane has a 
recovery rate of 8% producing a permeate flow of 31 L/h. The Clark pump is an energy 
exchanger that has a 10:1 internal pressure amplification by recovering the waste energy 
in the brine stream to increases the feed stream up to 800 psi.  
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This RO system has been modelled as a constant non-varying load, requiring 120W to 
operate. The variables within the system are the flowrate and the salt diffusion across the 
membrane. The flowrate and salt diffusion have a linear relationship with the water 
temperature [27]. The salt rejection decreases by 0.007%/°C and the permeate flowrate 
increases by 2.8%/°C [28]. This relationship can be seen in Figure 16.  
 
Figure 16. Permeate flowrate and TDS function of temperature 
 
4.5 Simulation Modelling 
LabVIEW is a visual programming development platform from National Instruments. It 
has a front panel and back panel. The front panel is for user inputs and system variables 
































Permeate Flowrate and TDS as a function of temperature
flowrate Permeate TDS
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There are three sub routines called Virtual Instruments (sub-VI) that are programmed to 
run fast calculations of the Clean Energy Council method, corrected permeate flow rate 
and yearly permeate output. These sub-VIs call data from a comma-separated values 
(CSV) file containing location irradiance and water and air temperature values for each 
location outlined around Australia. The corrected permeate flowrate and salt diffusion is 
based on the trends found in Figure 16. 
 There are user inputs to allow for a change of components including, solar panel, 
membrane and feedwater. These inputs are found on the sheet labelled “Reverse Osmosis 
data” or for the solar panel, within the sub-VI “Clean Energy Council”. On the front panel 
there is a folder with five faces to choose from. These can be seen in Section 5.3, the first 
is the file location that it will call the data from named “Excel read file”. The second is 
called “Monthly Breakdown” and contains a drop-down menu of the locations, allowing 
the user to select the city.  There are three display arrays. The first is the daily average 
permeate output per month. The second is a TDS of the permeate and the third is a 
calculation of the required number of panels to run the system.  The third face is titled 
“Yearly Permeate Output” which displays a map of Australia with certain locations 
highlighted, and displays the yearly permeate available with daily use. The fourth face is 
“Output Permeate Graph” which displays the average daily permeate per month for all 
areas shown on the map in face three. The last face is “Reverse Osmosis Data” which 
allows the user to change certain parameters including, feedwater major ions composition 
and membrane specifications.   
The aim of having the program read from a CSV is for ease of user input. The user can 
change location which changes the monthly average area surface water temperature, 
irradiance and ambient air temperature. By adding the extra column in the CSV file for 
user input the monthly breakdown can be seen and an estimated permeate output can be 
quickly established. 
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4.6 System Payback Period 
The capital and operating outlay for the entire system including cleaning chemicals, 
storage chemicals and replacement prefilter elements and membrane for a year period is 
$15, 799. A breakdown of this costing is found in A.5.  
The payback rate has been calculated on the cost of a litre of water from a major 
supermarket, not based on mains water supply due to the fact the system is designed for 
remote locations where potable water is scarce. The cost was found to be $1.55 per litre, 
and the payback period was calculated on the basis that the system is in operation every 
day and every litre of permeate produced is worth $1.55.  
The payback period for the fastest and the slowest payback period for the selected regions 
around Australia are shown in Figure 17, for all other location comparisons see Appendix 
A.6.  
 





































The reason Perth is shown as the fastest payback period when compared to locations 
closer to the equator is the amount of sun shine hours (SSH) available during the first few 
months of the year. The estimated weight of the unit is displayed in Table 10, which is 
within a reasonable portability weight. 




Throughout this project assumptions where required to be made, these assumptions are 
presented below.  
• All surface water surrounding Australia has the exact same major ion composition 
resulting in a TDS of 35.  
• The temperature effect is the biggest effect on a RO system. The weather patterns 
are relatively the same when compared to the 22-year average data base.  
• Surface water temperature recorded for each location is accurate.  
• The solar panel practical set up being placed on the roof of the Engineering and 
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• The panel would operate at maximum power 17.74V, 6.18A and 109.6W during 
peak irradiance. This is what the load has been modelled on. The load on the 
practical set up will cycle the batteries appropriately without causing full 
discharge. 
• The MPPT is rated for 12-24V and 10A, assuming the panel will not operate above 
the tested Voc of 22.5V and the current Isc won’t exceed the measured 6.7A. 
• The RO system that is modelled is an ideal system, no leakages or brine and 
feedwater cross contamination. Also, assuming the water temperature isn’t 
affected by the process itself.  
• By adding more solar panels to the system there are no panel mismatches, and 
they will be set up the exact same way (e.g. no shaded cells). Thus, each produces 
the same amount of energy as the first panel.  
• The panels in the theoretical method were clean all of the time, as it would be in 
use, if operators were close by.  
• For such a small-scale unit the environmental impacts of the brine stream have 
been mitigated, as only a small amount of water is being extracted from the feed 
flow. It is designed as a portable unit so constant environment disruption is 
assumed to not be relevant.  
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Chapter 5 Results 
5.1 PV System Output Results 
5.1.1 Theoretical  
The Clean Energy Council Method utilised the optimal irradiance for each location 
producing a comparison between ideal energy yield and the actual energy yield. A 
tabulated example of these calculations is shown in Appendix A.2. The ideal energy yield 
is based on the power rating of the panel and the total amount of available SSH, where 
the actual energy yield is calculated using component efficiencies and system losses. The 
performance ratio is the actual output divided by the ideal output. The theoretical results 
can be seen in Table 11. The 100W panel performance ratio ranges from 70-81% across 
all locations
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Table 11. PV Output Estimations 
 
Location Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Ideal energy yield (Wh) 843 767 656 555 441 407 415 469 568 663 771 844
Actual energy yield (Wh) 639 580 501 430 348 325 333 377 453 524 600 648
Performance ratio 76% 76% 76% 77% 79% 80% 80% 80% 80% 79% 78% 77%
Ideal energy yield (Wh) 559 521 594 644 706 724 731 722 707 707 687 595
Actual energy yield (Wh) 413 385 439 474 520 538 545 536 520 520 507 439
Performance ratio 74% 74% 74% 74% 74% 74% 75% 74% 74% 74% 74% 74%
Ideal energy yield (Wh) 682 632 543 487 417 393 416 441 501 558 632 668
Actual energy yield (Wh) 510 472 413 378 331 317 337 354 396 434 483 504
Performance ratio 75% 75% 76% 78% 79% 81% 81% 80% 79% 78% 76% 75%
Ideal energy yield (Wh) 585 543 454 361 317 306 315 358 417 494 561 602
Actual energy yield (Wh) 454 422 357 289 258 253 261 294 338 396 444 471
Performance ratio 78% 78% 79% 80% 81% 83% 83% 82% 81% 80% 79% 78%
Ideal energy yield (Wh) 594 623 648 661 645 689 703 709 737 756 709 678
Actual energy yield (Wh) 433 449 465 482 479 512 516 510 525 538 512 492
Performance ratio 73% 72% 72% 73% 74% 74% 73% 72% 71% 71% 72% 73%
Ideal energy yield (Wh) 627 558 512 459 412 412 422 462 527 571 608 653
Actual energy yield (Wh) 474 423 393 359 329 335 345 374 418 445 469 496
Performance ratio 76% 76% 77% 78% 80% 81% 82% 81% 79% 78% 77% 76%
Ideal energy yield (Wh) 683 606 595 538 510 532 554 606 640 643 688 697
Actual energy yield (Wh) 512 454 448 408 392 414 432 471 492 491 523 526
Performance ratio 75% 75% 75% 76% 77% 78% 78% 78% 77% 76% 76% 75%
Ideal energy yield (Wh) 633 600 509 432 359 326 341 377 427 501 572 618
Actual energy yield (Wh) 478 452 390 339 288 267 280 307 341 393 442 471
Performance ratio 75% 75% 77% 78% 80% 82% 82% 81% 80% 78% 77% 76%
Ideal energy yield (Wh) 582 518 514 522 526 556 570 583 624 660 654 637
Actual energy yield (Wh) 434 386 385 393 400 426 438 446 473 495 489 475













5.1.2 Practical Results 
The practical PV system output was logged every 10 minutes successfully from March 
2018 through to the end of June 2018. To compare this data set to the theoretical results 
it has been collated into daily averages for each month. A Clean Energy Council method 
was applied using the measured irradiance data and the same solar panel inclination as 
the practical set up. The performance ratio for both measured and calculated results can 
be seen in Table 12. This indicates a low performance ratio for the measured data with 
results ranging from 41–58%.    
Table 12. Performance Ratio measured vs Calculated 
 
The current drawn from the battery has been recorded and is shown in the scatter graph 
below, Figure 18. The x-axis is displayed in 10min intervals showing the current drawn 
over a daily period.  














Difference Measured Vs 
Calculated
Month days recorded  W/month Wh 100W*SSH Measured/Ideal Wh Wh Actual/Ideal Measured%/Calculated%
March 8.44 14773.89 291.59 499.38 58% 499.38 381.35 76% 76%
April 30 54587.27 303.26 531.85 57% 531.85 412.03 77% 74%
May 31 45721.84 245.82 461.90 53% 461.90 364.01 79% 68%
June 12.7 10565 138.26 333.84 41% 333.84 266.48 80% 52%
 Measured Power Produced Calculated Power Produced
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Figure 18. Current draw from battery 
A second comparison of measured irradiance against the NASA dataset is found in Table 
13 below. The measured irradiance is the sum of all records for the particular month 
divided by the days recorded throughout the month and changed from 10-minute data to 
hourly data by dividing by 6. Producing the average SSH for the particular month, the 
NASA irradiance data is pulled for the same months and the variance is calculated 
displaying results from 76–111%.  
Table 13. Irradiance measured vs data set 
 
The output voltage and current from the panel with relation to the measured irradiance 





















Measured NASA Data Measured Vs Data set
Month days recorded Sum irradiance entire month kW/month SSH SSH Variance %
March 8.45 253229.12 253.23 4.99 6.55 76%
April 30.00 957338.66 957.34 5.32 5.46 97%
May 31 859130.9198 859.13 4.62 4.18 111%
June 30 600914.9524 600.91 3.34 3.75 89%
Measured Irradiance Output at 30º incline 
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Figure 19. One day sample of collected data PV output 
5.2 RO System Output Results 
The theoretical RO system output has been based on the theoretical output results of the 
solar panel, and the recorded data for seawater surface temperatures. The estimated total 
permeate production per month is shown in Table 14, for each chosen location around 
Australia. The lowest production is 696L of permeate in Hobart during June. The highest 
producing is in Broome during November with a permeate output of 6540 litres.  










































































Voltage (V) Current (A) Irradiance
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total
Darwin 4960 4060 5100 5640 6293 5655 5730 5952 5460 6417 6240 5518 67025
Cairns 5022 3892 4020 4020 3968 3741 3900 4185 4256 5332 5280 5549 53165
Gladston 5797 4564 4680 3900 3503 3219 3360 3875 3920 4619 5250 5735 52422
Sydney 4495 3528 3330 2790 2232 1943 2070 2418 2604 3348 3750 4464 36972
St Kilda 3751 3164 2640 2010 1426 1015 1080 1333 1484 2232 2850 3410 26395
Hobart 2945 2464 1980 1230 899 696 720 992 1232 1891 2430 3007 20486
Adelaide 4433 3612 3060 2490 1860 1392 1470 1643 1932 2666 3390 4061 32009
Perth 6138 5124 4620 3630 2635 2117 2100 2542 2968 4030 4860 5921 46685
Broome 5890 4704 5430 5640 5797 4814 5130 5456 5068 6169 6540 6479 67117
Monthly Permeate Production (liters per month) 
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The estimated TDS contained within the permeate is displayed in Table 15 below. With 
the maximum TDS content estimated to be 0.2399, which is found in Hobart during 
August, and the lowest content is 0.2101, which is found in Cairns during September. 
Table 15. TDS in permeate 
 
 
5.3 LabVIEW Modelling Results 
The LabVIEW programs runs for 12 iterations while calculating the output of the PV 
system and the permeate production for each location on a monthly and yearly base. The 
front panel of the program can be seen in Figure 20 below. This face allows the user to 
enter the file path to the CSV file. The program will call the columns containing 
irradiance, air and water temperature for each location.  
The second face is seen in Figure 21. It has a drop-down menu of the locations already 
held within the CSV file. Once selected it runs the program and will calculate the daily 
permeate output in litres per day for each month. The TDS content in the permeate and 
the number of solar panels required to run the system. By pressing the button located on 
the left, it will change the permeate production to the amount of people supplied per day.  
The total permeate production per location is shown in Figure 22, with each location 
highlighted by red dots on the map and an indicator displaying the liters per year. This 
calculation considers the amount of water required to maintain the RO unit and has 
subtracted it from the total before presenting this figure.  
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Perth 0.2172 0.215 0.2136 0.215 0.2165 0.2187 0.2221 0.2234 0.2243 0.2246 0.2229 0.2197
Broome 0.2221 0.2211 0.2223 0.2217 0.2194 0.2126 0.2104 0.2104 0.2104 0.2141 0.2187 0.2217
Adelaide 0.2214 0.2214 0.2228 0.2253 0.229 0.2333 0.2363 0.2371 0.2356 0.2331 0.2285 0.2246
St Kilda 0.2253 0.2248 0.2258 0.227 0.229 0.2321 0.2341 0.2349 0.2351 0.2339 0.2304 0.2283
Sydney 0.2138 0.2128 0.2136 0.2153 0.2201 0.2236 0.224 0.2248 0.2255 0.2238 0.2204 0.2172
Darwin 0.2233 0.2223 0.2223 0.2223 0.2196 0.2138 0.2116 0.213 0.2162 0.2209 0.2241 0.2256
Gladstone 0.2163 0.2167 0.2152 0.2113 0.2123 0.2165 0.2196 0.2199 0.2177 0.2141 0.2106 0.2136
Cairns 0.2204 0.2201 0.218 0.2162 0.2124 0.2109 0.2125 0.2121 0.2101 0.2128 0.2157 0.2192
Hobart 0.2319 0.2305 0.2312 0.2333 0.2353 0.2377 0.2393 0.2399 0.2399 0.2392 0.2361 0.2327
TDS in Permeate 
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The fourth face is seen in Figure 23. This shows all locations plotted against each other 
on a daily permeate per month scale. The fifth face is for user inputs regarding the 
membrane specifications and the feedwater composition is seen in Figure 24.  
 
Figure 20. Front panel program 
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Figure 21. Second face front panel 
 
Figure 22. Third face front panel 
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Figure 23. Fourth face front panel 
 
Figure 24. Fifth face front panel 
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Chapter 6 Interpretation 
6.1 PV Theoretical  
Performance ratio is the relationship between the actual and the theoretical energy outputs 
of the PV system. The closer the performance ratio is to 100% the better the PV system 
is operating. Total efficiency is unrealistic as all systems have operating losses. The Clean 
Energy Council methods take into consideration the losses due to temperature, dirt, 
cabling and component losses, including the MPPT. According to SMA, a high 
performing solar power plant has a performance ratio of up to 80% [29]. The theoretical 
performance ratio ranges from 70-81% indicating that the system has the ability to 
perform as expected.  
6.2 PV Practical  
The PV system practical measured results show a performance ratio from 41-58% within 
Table 12. The calculated results also seen in Table 12 indicate performance ratios from 
76-80%. The calculated is utilising the measured SSH, temperature, component 
efficiencies and system losses due to heat and dirt. Also highlighted within Table 12 is 
the variance of the measured and the calculated performance rations indicating deviations 
from 52-76%. This result indicates that there is a component loss within the PV system 
that have been under-estimated, this is likely to be the dirt derating factor. 
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A comparison of the irradiance data set to the recorded local data is found in Table 13 in 
the results section. The irradiance measurements are fairly close from April to June, but 
March data has a variance of 76%. This could be due to the days recorded during March 
being 8.45 days (changing from the old style DataTaker to the DT80) where the other 
months data is recorded for the entire month. This leads me to believe that the NASA data 
set for irradiance is a good tool to use to predict the output for a certain location. In Figure 
9, it can be seen that the chosen battery bank consists of two 6V 12Ah batteries in series 
creating a 12V 12Ah battery bank. The load current drawn was based on the theoretical 
output of the panel with respect to the NASA data set for irradiance and temperature.  
By investigating the current drawn from the battery to the load, it can be seen that it is not 
staying at the predicted 1.5A. This is evident in the scatter graph in Figure 18. The only 
time that the load is pulling close to 1.5A is around the 10am (60 on the x-axis) to 2:30pm 
(88 on the x-axis). From the beginning of the practical experiment, it is evident that there 
was not one day where the current drawn was a stable constant 1.5A.  
This indicates that the load was set too high, and was draining the battery overnight. 
However, with a smaller load during peak SSH, the battery will become fully charged 
and the load met. This would cause the MPPT to reduce the output of the solar panel and 
corrupt the PV panel voltage and current data. It was an assumption that the battery would 
be protected by the MPPT with respect to overcharging and over discharging. In practice, 
a load shedding device would be utilised. 
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Figure 19 displays the output of the panel during a day with minimal cloud cover (seen 
by the irradiance trend). The voltage rises before the current. This trend this could be due 
to diffuse irradiance (diffuse will not be picked up by the pyrometer), as the day 
progresses the voltage raises close to the Vmax outlined in Table 9. The Imax is measured 
at 6.18A compared to the current output in Figure 19 does not go over 3.2A during peak 
irradiance. Out of all the data recorded the highest current was 4.45A which is 1.73A less 
than the measured Imax.  
Since the initial setup, the practical experiment was left on the roof of the Engineering 
and Energy Building at Murdoch University without any interference. This means that 
any soiling that had been deposited on the panel surface wasn’t cleaned off. This could 
have the effect that we are seeing within the results. 
6.3 RO system  
The RO system was modelled at 25°C, giving the permeate output of 31 litres per hour 
with a salt rejection rate of 99.4%. This data has been trended with parameters found in 
desalination and water treatment research papers. With the increase in seawater feed 
temperature the salt and water diffusion increase at different rates, and vice-versa for 
temperatures below 25°C, the salt and water diffusion across the membrane reduces.  
The seawater TDS has been assumed to be constant across all locations around Australia, 
with the seawater temperature and the available irradiance changing for the particular 
location. The permeate output based on these parameters still provides a good estimation 
of the available permeate production at each location. 
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Table 14 displays the total permeate production per month for each location with the 
lowest performer being Hobart in June with a permeate output of 696 litres. This 
calculates to 23.2 litres per day and is able to supply a maximum 11 people with their 
minimum daily water requirements. The estimated TDS (Table 15) contained within the 
permeate water are all within the potable limitations that are outlined in Table 3.  
The RO system is a limited model, only looking at the temperature effect on the salt and 
water diffusion across the membrane. RO systems are extremely complex with the 
temperature affecting other ions contained with the feedwater that was not looked at 
within this thesis. There are also unexamined scaling and fouling issues that change the 
permeate flow rate.  
6.4 LabVIEW Modelling 
The results shown from the LabVIEW program are consistent with the long hand 
calculations that are presented in the results section 5.2.  The program is easy to operate 
and allows for user to input different locations. The program provides a quick output 
estimation, the limitation of this program is that the surface water chemical composition 
is assumed to contain the ion ratios outlined in Table 2. The RO system will work on 
water with a lower TDS content but will require more investigation for water sources with 
a higher TDS than 35. 
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Chapter 7 Further Development 
To improve upon the found results within the PV practical component, it is recommended 
to incorporate a variable load bank. A variable load bank could have the ability to measure 
the generated power of the PV panel and monitor the battery state of charge. When the 
battery is fully charged the variable load bank can turn on the required load to draw 
enough power from the battery, so the PV output is not hindered by the MPPT. As well, 
a variable load bank could turn the load off when there is no power being generated by 
the PV panel.  
Further improvements would be to test different types of thin film panels. The panel 
utilised within this experiment is foldable. Each section of the panel has a plastic covering 
over the cells and a canvas material joining the sections. This material protrudes above 
the plastic cover enabling the buildup of sediment.  
From the limited results that have been found so far on the practical PV setup, I would 
not recommend continuing its operation. To continue the operation, the battery cells 
would undergo deep discharge causing irreparable damage.  
This practical setup could be used within the educational learning space, allowing 
students to gain practical knowledge of how a MPPT controls the off-grid process.  
To improve on the theoretical PV analysis, I would recommend testing different methods. 
These other methods include investigating the output of a panel from the cellular level 
which can be simulated within MATLAB & Simulink. This technique still utilises an 
input data set for irradiance and temperature relevant to the location. This method could 
then be tested against the Clean Energy Council method and also against a practical 
component to see how realistic the results from each theoretical method are.  
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To improve on the RO analysis, I would recommend a practical component to gain a 
deeper understanding of how the major desalination elements work together within the 
process. A practical RO process to test under controlled environments would allow 
investigation into the optimal operating flowrate and temperature for the particular 
components. Installation of a variable speed drive (VSD) to control the pump linked to a 
control unit to monitor and control the system could further increase energy savings. An 
experimental RO unit would also allow for coupling of the system with a PV unit to test 
actual output ranges.  
A recommendation to the LabVIEW program is incorporation of a more defined RO 
system with regards to the motor, pump and pressure ramp up and down time delays. The 
program at the moment is looking at the output from one membrane, where it has the 
potential to incorporate different membrane configurations.  The program also has the 
ability to source data from the web when a user requires analysis of a certain location.  
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Chapter 8 Summary 
Through research and investigation into the various types of energy recovery devices that 
are suitable for RO units, it was evident that the Spectra Water Clark Pump was the most 
efficient and compact, making it the most suitable choice to incorporate into a portable 
unit.  
This energy recovery device drops the required input pressure from 800 psi to 80 psi. This 
drop-in pressure also drops the energy demand of the system. A positive displacement 
pump with DC motor requires 12VDC at 10A to run this desalination unit. Requiring 
120W to operate this system, a model of the expected solar panel output has then been 
tested practically and theoretically. The theoretical method has been incorporated into a 
LabVIEW program to enable fast analysis.  
The program developed in LabVIEW provides an easy to utilise front panel. This front 
panel has the ability to show the yearly permeate production at the set locations or the 
monthly breakdown including the permeate production expected per day per month, the 
salinity of the permeate and the required solar panels to run the desalination unit. 
There is a niche in the market for modelling of the complete system from power 
production to permeate output. This system is modelled for various coastal regions around 
Australia to provide a national perspective of the system performance. For a disaster 
region, a quick response is crucial, with the aid of this program the estimated people it 
will supply water to can be calculated.  
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A.1 Molar concentration of seawater 
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A.2 Theoretical Calculations 
Theoretical calculations table for Perth  
Clean Energy Council method Month Jan Feb March April May June July Aug Sep Oct Nov Dec Year
1 kWp system example Average daily total irradiation on tilted plane (MJ/sqm) 27.4 26.5 25.3 19.5 16.3 13.9 14.4 17.4 21.3 23.9 25.8 27.1 21.6
Htilt Average daily total irradiation on tilted plane (kWh/sqm) (or Sun hours) 8.43 7.67 6.56 5.55 4.41 4.07 4.15 4.69 5.68 6.63 7.71 8.44 6.0
Tave_amb Daytime ambient temperature (degree C) 25.5 25.9 24.4 22.0 19.1 16.9 15.9 15.9 17.0 18.6 21.3 23.4 20.5
Tcell_eff Effective cell temperature (degree C) 60.5 60.9 59.4 57.0 54.1 51.9 50.9 50.9 52.0 53.6 56.3 58.4 55.5
y power temperature co-efficient for crystalline cells (per  degree C) 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005
ftemp Temperature derating factor 0.8225 0.8205 0.828 0.84 0.8545 0.8655 0.8705 0.8705 0.865 0.857 0.8435 0.833 0.847542
fman de-rating factor for manufacturing tolerances 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97 0.97
feff MPPT tracker 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
fdirt de-rating factor for dirt 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99
PSTC Rated output power of the module under STC (W) 100 100 100 100 100 100 100 100 100 100 100 100 100
N Number of modules in the array 1 1 1 1 1 1 1 1 1 1 1 1 1
Earray Average daily energy output of the PV array (Wh) 659.2 598.3 516.4 443.2 358.3 334.9 343.4 388.1 467.1 540.2 618.3 668.4 483.5
ninv Inverter efficiency 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98
Ls losses in the system cabling 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98 0.98
Esystem Average daily energy output of the PV system (Wh) 633.1 574.6 495.9 425.7 344.1 321.6 329.8 372.8 448.6 518.8 593.8 641.9 464.3
Monthly energy output of the PV system (kWh) 19.62544 16.0889 15.37412 12.76991 10.66612 9.648882 10.22522 11.55574 13.45798 16.08238 17.81374 19.89956 169.4726
nd Days per month 31 28 31 30 31 30 31 31 30 31 30 31 365
Eideal Ideal energy yield (Wh), Method 1 843.0 767.0 656.0 555.0 441.0 407.0 415.0 469.0 568.0 663.0 771.0 844.0 600
Esys Actual energy yield (Wh) 633.1 574.6 495.9 425.7 344.1 321.6 329.8 372.8 448.6 518.8 593.8 641.9 464.3
PR Performance ratio 75% 75% 76% 77% 78% 79% 79% 79% 79% 78% 77% 76% 77%
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Current  1-5A 
Shunt 
Resistance 10mΩ 




MPPT Charge Controller 
Model CPY-2410 
Power 120/240 W 
Working Voltage 12 V to 24V 
Working Current 10 Amps 
Max Eff. 99% 
 
Voltage Divider Resistors 
Resistor 1 Specifications 
Manufacturer  
CGS - TE 
Connectivity 
Part no. SBCHE11 1KO 
Resistance 1KΩ 
Power rating 11W 
Resistance 
tolerance ±5% 
Element type Wire wound 
 
Voltage Divider Resistors 
Resistor 2 Specifications 
Manufacturer  ARCOL 
Part no. HS50 J 
Resistance 10 KΩ 
Power rating 50W 










(nominal) 100 W 
Net Weight 5.19 kg 
Dimension open 1600x660x5mm 
Dimension closed 365x327x85mm 
Voltage (max 
power) 17 V 
Current (max 
power) 5.89 A 
Voltage (VOC)  20.4 V 
Current (Isc) 6.28 A 
Operating temp -40⁰C to 85⁰C 
 
SP 2 Lite Specifications 
Spectral range 400 to 1100 nm 
Response time <500ns 
Sensitivity 






Shield  Ground 
Typical Values 
Fully Clouded 50 to 120 W/m² 
Sunny, 
 partly cloudy 120 to 500 W/m² 
Clear and 






Voltage 50 V 




Analogue Inputs 5 
Digital IO 5 
Input range 
Voltage ±2.5VDC 
Current  ±25mA 
Accuracy 











A.4 DataTaker Program 
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A.5 Equipment Cost 
 
Equipment Cost ($) Quantity Total Web address
PV panels 199 2 398 https://www.bcf.com.au/solution-x-foldable-solar-blanket-100w/387956.html
MPPT 30 1 30 http://www.dx.com/p/ueiua-cpy-mppt-12v-24v-10a-solar-charge-controller-454921#.Wyw2ui2B1sM
Battery 205 1 205 https://www.ebay.com.au/i/122793879980?chn=ps
RO unit 14131 1 14131 https://www.southernseasmarine.com.au/Spectra-watermakers-australia/spectra-landbased-water-machine-aquifer
cleaning chemical 48 2 96 https://www.southernseasmarine.com.au/Spectra-watermakers-australia/spectra-landbased-water-machine-aquifer
Storage chemical 52 2 104 https://www.southernseasmarine.com.au/Spectra-watermakers-australia/spectra-landbased-water-machine-aquifer
Prefilter element 29.95 6 179.7 https://www.southernseasmarine.com.au/Spectra-watermakers-australia/spectra-landbased-water-machine-aquifer
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